From chronic kidney disease (CKD) Stage 4 onwards, phosphate binders are needed in many patients to prevent the development of hyperphosphataemia, which can result in disturbed bone and mineral metabolism, cardiovascular disease and secondary hyperparathyroidism. In this review, we re-examine the use of magnesium-containing phosphate binders for patients with CKD, particularly as their use circumvents problems such as calcium loading, aluminum toxicity and the high costs associated with other agents of this class. The use of magnesium hydroxide in the 1980s has been superseded by magnesium carbonate, as the hydroxide salt was associated with poor gastrointestinal tolerability, whereas studies with magnesium carbonate show much better gastrointestinal profiles. The use of combined magnesium-and calcium-based phosphate binder regimens allows a reduction in the calcium load, and magnesium and calcium regimen comparisons show that magnesium may be as effective a phosphate binder as calcium. A large well-designed trial has recently shown that a drug combining calcium acetate and magnesium carbonate was non-inferior in terms of lowering serum phosphate to sevelamer-HCl and had an equally good tolerability profile. Because of the high cost of sevelamer and lanthanum carbonate, the use of magnesium carbonate could be advantageous and drug acquisition cost savings would compensate for the cost of introducing routine magnesium monitoring, if this is thought to be necessary and not performed anyway. Moreover, given the potential cost savings, it may be time to re-investigate magnesium-containing phosphate binders for CKD patients with further well-designed clinical research using vascular end points.
Introduction
Declining renal function is associated with increasing serum phosphate levels, and while dietary restriction of phosphorus can help to control serum phosphate levels initially, most patients will have hyperphosphataemia from chronic kidney disease (CKD) Stages 3 or 4 onwards [1] . Phosphate binders are therefore required, primarily to prevent and to treat secondary hyperparathyroidism that results from hyperphosphataemia, but also because of increasing concern that phosphate, and possibly calcium also, may have a central role in vascular calcification in patients with CKD [2] . The most recent guidelines [Kidney Disease: Improving Global Outcomes (KDIGO)] suggest that individual values of serum calcium and phosphate, evaluated together, should be used to guide clinical practice rather than the calcium 3 phosphate product which probably adds nothing to clinical management of CKD patients [3] . Target ranges for serum phosphate and calcium are shown in Table 1 [3, 4] , but it is important to note that so far, no randomized controlled trial has tested the benefits or otherwise of adhering to these targets-a situation that cannot be allowed to continue as the costs of treatment escalate. For this reason, the KDIGO guidelines suggest that serum phosphate should simply be lowered towards normal, pointing out that no prospective study has yet examined specific target ranges in relation to outcomes.
Oral phosphate binders have been used for many years to control phosphate levels in patients with CKD, but as yet we have not found the ideal binder(s) in terms of improved clinical outcomes, efficacy, patient adherence, safety and cost. Traditional phosphate binders containing aluminum or calcium have well-known drawbacks. While aluminumcontaining agents are highly efficient phosphate binders, they are now prescribed less often in developed countries because of proven toxicity with long-term use but remain widely used in developing countries. Calcium-based salts are inexpensive, effective and very widely used, but there exists some concern about observational statistical associations between calcium load, hypercalcaemia and vascular calcification [5] . Newer non-aluminum and non-calcium agents, such as sevelamer hydrochloride/carbonate and lanthanum carbonate have the dual advantage of avoiding aluminum toxicity and decreasing the calcium burden, but at high cost. Lanthanum carbonate's potency also reduces the high pill burden conferred by many binders including sevelamer, although the introduction of sevelamer carbonate granules is a welcome additional step towards improving patient adherence.
In this review, we will re-examine the use of magnesiumcontaining phosphate binders in patients with CKD. They share the advantages of lanthanum and sevelamer in not containing aluminum but are relatively inexpensive in comparison (Table 2) . However, many clinicians are not fully familiar with current understanding of magnesium metabolism and usage in CKD. Therefore, there are various perceptions and concerns that need to be re-examined before nephrologists are likely to start using magnesiumcontaining phosphate binders more widely. Most of these concerns centre around hypermagnesaemia, the incidence of gastrointestinal disorders and the necessity for monitoring of serum magnesium. In this review, we will examine how the use of magnesium-containing phosphate binders developed from early studies with magnesium hydroxide as an adjunct to aluminum hydroxide to the later use of magnesium carbonate alone and as an adjunct to calcium carbonate or calcium acetate to reduce patients' calcium load.
Studies of magnesium as a phosphate binder in dialysis patients
Early studies: magnesium as a substitute for aluminum hydroxide. The first studies to use magnesium compounds as a phosphate binder in dialysis patients date from the early 1980s as an attempt to reduce aluminum hydroxide use (Table 3) . This was understandable as some patients found aluminum hydroxide to be unpalatable (so leading to poor compliance), associated with constipation and occasionally nausea and vomiting. More significantly, aluminum is partially absorbed in the gut, accumulates in the body and leads to aluminum toxicity [6, 7, 8] . The very early clinical studies tended to use magnesium hydroxide, and these trials were complicated by diarrhoeal symptoms or mild hyperkalaemia associated with this salt of magnesium [6, 9] . Although these studies also suffered from low numbers of patients, they nevertheless showed that magnesiumcontaining phosphate binders could reduce the use of aluminum [6, 9] and that parathyroid hormone (PTH) levels were also reduced when they were used alone or in combination with aluminum [9] .
The last study to use magnesium hydroxide as a phosphate binder was published in the late 1980s [8] . Although haemodialysis patients participating in this study had the gastrointestinal symptoms typical of other magnesium hydroxide studies, it was notable for three main reasons. Firstly, it was a long-term study, in which aluminum hydroxide was replaced by magnesium hydroxide (given in addition to high doses of oral calcium) for 6 months in 20 patients and for 20 months in 12 patients. Secondly, in addition to the control of serum phosphate, calcium, magnesium and alkaline phosphatase, switching from aluminum to magnesium hydroxide lowered PTH (C terminal) levels (from 260 AE 214 pg/mL to 185 AE 182 pg/mL) and intake of elemental calcium [from 4.4 (110 mmol/day) to 3.0 g/day (76 mmol/day)], non-significantly. Thirdly, bone mineralization (mineral apposition rate) remained constant throughout the study at approximately normal levels (between 0.63 and 0.65 lm/day) as shown by bone histomorphometry.
A final study that compared aluminum-and magnesiumcontaining phosphate binders used magnesium carbonate rather than magnesium hydroxide [7] . Although this was a 2-year study and involved a reasonable number of patients, it was difficult to compare the two phosphate-binding regimens: magnesium carbonate was used in hospital-based chronic maintenance haemodialysis patients (n ¼ 28), while aluminum hydroxide was used in haemodialysis patients at home (n ¼ 24). This study demonstrated that magnesium carbonate was suitable for long-term use and was an effective phosphate binder when used with magnesium-free dialysate. Some reduction in PTH was noted, although no mention is made of the tolerability profiles of the two regimens in this short paper. However, it was suggested that magnesium carbonate has a better tolerability profile than magnesium hydroxide, particularly with regard to gastrointestinal side effects, but there have been no direct comparisons of these regimens [10] .
Later studies: magnesium-and calcium-containing phosphate binders. Calcium carbonate and calcium acetate started to be used as phosphate binders in the 1980s as an alternative to aluminum [11, 12] . Patients undergoing continuous ambulatory peritoneal dialysis participated in a 1-year, open-label parallel-group study to compare a combination of magnesium carbonate plus calcium carbonate (n ¼ 32) in equal proportions, with calcium carbonate alone (n ¼ 10) or aluminum hydroxide alone (n ¼ 8) [13] . A magnesium-free peritoneal dialysate was used in the group given magnesium as a phosphate binder. Serum phosphate levels were controlled equally well with combined magnesium and calcium carbonate Magnesium-containing phosphate binders have certain intrinsic advantages: they do not contain aluminum, and so their use avoids aluminum toxicity and allows calcium intake to be reduced or eliminated; they have been in use for many years and magnesium-containing phosphate binders are relatively inexpensive compared with sevelameror lanthanum-based binders. Early studies comparing the use of aluminum hydroxide and magnesium hydroxide or magnesium carbonate showed that magnesium could be used as an effective phosphate binder, but it is widely acknowledged that magnesium hydroxide caused gastrointestinal side effects, whereas the carbonate salt is much better tolerated.
treatment as with calcium carbonate or aluminum hydroxide used alone. Mean (AESD) phosphate levels after 1 year were 1.36 (AE0.41) mmol/L for combined treatment, 1.38 (AE0.27) mmol/L (calcium carbonate monotherapy) and 1.46 (AE0.5) mmol/L (aluminum hydroxide monotherapy). There was, moreover, no significant difference (P > 0.05) between groups in serum magnesium concentration or PTH levels. The use of combined magnesium carbonate/calcium carbonate phosphate-binder treatment was compared with calcium carbonate monotherapy in a 2-year, randomized, controlled crossover trial in 29 haemodialysis patients [10] . The dialysate magnesium concentration was 0.25 mmol/L (0.6 mg/dL) in the magnesium carbonate plus calcium carbonate group and 0.74 mmol/L (1.8 mg/dL) in the calcium carbonate monotherapy group. Calcium carbonate and magnesium carbonate doses were adjusted in both groups to achieve target serum calcium concentrations of 2.37-2.62 mmol/L (9.5-10.5 mg/dL) and serum phosphate concentrations of <1.94 mmol/L (<6.0 mg/dL). Serum levels of calcium, phosphate and magnesium were similar in the combined and the monotherapy phases. However, the control of phosphate levels in the combined magnesium and calcium phase occurred despite the ingestion of significantly less calcium binder. Mean elemental calcium used (AESD) was 2.9 (AE0.4) g/day during calcium carbonate monotherapy and 1.2 (AE0.2) g/day during magnesium carbonate plus calcium carbonate treatment; P < 0.0001. Moreover, the use of magnesium carbonate allowed higher doses of intravenous calcitriol to be used without hypercalcaemia (0.8 lg/treatment with calcium carbonate monotherapy to 1.5 lg/treatment with magnesium carbonate plus calcium carbonate; P < 0.02). During this study, the mean (AESD) elemental magnesium intake was 465 AE 52 mg/day (range 214-858 mg/day), and despite this high intake of magnesium, this was generally well tolerated: no patients reported any gastrointestinal symptoms including loose stools, diarrhoea or bloating. Serum magnesium levels were slightly elevated but not different from the run-in levels.
Another study compared a combined phosphate-binder regimen of magnesium carbonate plus a calcium salt to monotherapy calcium carbonate [14] . In this 3-year parallelgroup study, 50 haemodialysis patients were randomized to either combination therapy with calcium acetate [pills containing 435 mg calcium acetate (110 mg elemental calcium) plus 235 mg magnesium carbonate (60 mg elemental magnesium)] or calcium carbonate monotherapy. The dialysate was the same for both groups with calcium of 1.5 mmol/L and magnesium of 0.5 mmol/L. Dose adjustment of both phosphate-binder groups was based on serum calcium and phosphate concentrations and plasma intact parathyroid hormone (iPTH) levels. Combination treatment with magnesium carbonate and calcium acetate resulted in significantly lower serum phosphate and calcium concentrations compared with calcium carbonate monotherapy (both P < 0.05) (Figure 1 ), and a significant decrease in plasma iPTH levels (P < 0.05). Indeed, iPTH levels rose somewhat in the calcium monotherapy group. Combination therapy resulted in a significant increase in serum magnesium concentration (P < 0.05), although this remained within normal values (0.65-1.06 mmol/L). Safety and tolerability of the regimens were not mentioned in this publication [14] .
A pilot study has compared combined magnesium carbonate plus calcium carbonate with calcium acetate monotherapy [15] . Patients undergoing haemodialysis were randomized in a 2:1 ratio to receive either calcium carbonate plus magnesium carbonate (n ¼ 20; 86 mg elemental magnesium, 100 mg elemental calcium) or calcium acetate 
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Use of magnesium in CKD (Figure 2 ; P < 0.003). Serum magnesium levels were higher in patients receiving magnesium carbonate than in the calcium acetate group (P < 0.03), but no patients experienced symptoms related to hypermagnesaemia [the highest serum magnesium reading was 1.95 mmol/L (3.9 meq/L)]. The pill burden per meal was significantly, but not dramatically, lower in patients receiving magnesium carbonate plus calcium acetate versus those receiving calcium acetate alone (3.0 AE 0.1 versus 3.4 AE 0.1 pill per meal, P < 0.0001). In this study, safety and tolerability were investigated, and there were no significant between-group differences, with both regimens being generally well tolerated with a similar incidence of gastrointestinal symptoms.
A 6-month, randomized open-label study involving 46 haemodialysis patients investigated whether magnesium carbonate was as effective as calcium carbonate (both agents were the sole phosphate binder used in each group) [16] . This study used lower magnesium concentrations (0.3 mmol/L) in the dialysate for the magnesium group compared with 0.48 mmol/L in the calcium group to reduce the risk of hypermagnesaemia, whereas dialysate calcium was 1.50 mmol/L for both groups. There were no significant differences in mean values for Months 1-6 between the magnesium and calcium groups for the control of serum phosphate [1.77 mmol/L (5.47 mg/dL) versus 1.71 mmol/L (5.29 mg/dL), respectively; P ¼ NS] or magnesium [1.06 mmol/L (2.57 mg/dL) versus 0.99 mmol/L (2.41 mg/ dL), respectively; P > 0.05], but serum calcium concentration was lower in the magnesium than in the calcium group [2.28 mmol/L (9.13 mg/dL) versus 2.4 mmol/L (9.60 mg/dL), respectively; P < 0.001]. Levels of iPTH were not significantly different between the magnesium and calcium groups after 6 months (251 versus 212 pg/mL, respectively; P > 0.05). At Month 6, the percentages of patients with serum levels of phosphate, Ca 3 P product and iPTH that fell within the K/DOQI guidelines were similar in both groups, whereas more patients in the magnesium group (17/23; 73.91%) than in the calcium group (5/20, 25%) had serum calcium levels that fell within these guidelines (P < 0.01). Furthermore, magnesium carbonate was generally well tolerated with only 2 of 25 patients (8%) withdrawn owing to adverse events (one because of diarrhoea, the other because of recurrent hypermagnesaemia).
A very small, 18-month open-label pilot study of magnesium carbonate/calcium carbonate (elemental magnesium, 86 mg/elemental calcium, 100 mg) in haemodialysis patients (n ¼ 7) is worth noting, as coronary artery calcification (CAC) and vertebral bone mineral density (V-BMD) were monitored [17] . Overall, there was no significant progression of the CAC score and no significant change in V-BMD, raising the possibility that magnesium may have a favourable effect on these parameters (though the size of the study precludes any firm conclusions). This study is discussed further in this supplement, in the review concerning magnesium, vascular calcification and outcomes in patients with CKD [18] .
Another study that examined magnesium levels in dialysis patients in 2009 investigated the use of iron-magnesium hydroxycarbonate (Fermagate) as a novel oral phosphate binder [19] . Although this had a robust clinical study design (5-week, randomized, placebo-controlled, parallel-group three-arm trial testing two doses of phosphate binder) and a reasonable number of haemodialysis patients (n ¼ 63), the results stand alone from the rest of the magnesium phosphate-binding literature. Iron-magnesium hydroxycarbonate has a more complex structure and different phosphate-binding characteristics than 'plain' magnesium-containing phosphate binders such as magnesium carbonate. It contains magnesium and ferric iron contained in an insoluble hydrotalcite structure with the iron and magnesium held in tight crystalline layers, with Combination therapy with magnesium carbonate and calcium carbonate offered control of serum phosphate that was at least as good as that with calcium acetate alone, but with significantly decreased elemental calcium consumption.
Treatment with magnesium carbonate in comparison to calcium carbonate resulted in a similar proportion of patients whose serum levels of phosphate, Ca 3 P product and iPTH fell within the K/DOQI guidelines, but more patients in the magnesium group than in the calcium group had serum calcium levels that fell within these guidelines (P < 0.01). Moreover, magnesium carbonate was generally well tolerated.
carbonate groups which are exchanged for phosphate, lying between the layers. In this short-term study, the proportion of patients achieving serum phosphate levels below the upper K/DOQI recommended value (1.78 mmol/L) in the placebo, 1 and 2 g iron-magnesium hydroxycarbonate groups was 30.0, 52.4 and 81.0%, respectively. Both treatment groups had significantly increased serum magnesium levels compared with the placebo arm, with the higher dose group suffering a greater number of adverse events such as diarrhoea, vomiting and dyspepsia. The most frequent reason for withdrawal during the treatment and follow-up periods was an adverse event, accounting for 20 (31.8%) patients (placebo, n ¼ 6; 1 g arm, n ¼ 1; 2 g arm, n ¼ 13).
A large well-designed clinical trial published in 2010 compared the combination product calcium acetate and magnesium carbonate with sevelamer [20] . In this randomized, controlled, parallel-group, investigator-blinded multicentre study, 255 haemodialysis or haemodiafiltration patients were randomized to receive calcium acetate/magnesium carbonate (n ¼ 126) or sevelamer (n ¼ 129). The primary efficacy measure was to show non-inferiority of calcium acetate/magnesium carbonate to sevelamer in lowering serum phosphate levels to below K/DOQI targets after 24 weeks of treatment. This was fulfilled, and there was no significant difference between groups regarding the lowering of serum phosphate levels at the end of the study (P ¼ 0.069) (Figure 3) . However, the area under the curve for serum phosphate (P ¼ 0.0042) and the number of visits above K/DOQI ( 1.78 mmol/L, P ¼ 0.0198) and KDIGO targets ( 1.45 mmol/L, P ¼ 0.0067) were significantly lower with calcium acetate/magnesium carbonate. Also, the time to reach serum phosphate levels of 1.78 and 1.45 mmol/ L when compared for the calcium acetate/magnesium carbonate and sevelamer regimens was significantly shorter (i.e. 16 versus 30 days, P ¼ 0.0018 and 57 versus 140 days, P ¼ 0.0052), using an identical dose titration protocol. Average (AESD) daily study medication intake was also significantly lower in the calcium acetate/magnesium carbonate group by Week 25 than in the sevelamer group (7.3 AE 3.03 versus 8.1 AE 2.87 tablets/day, respectively; P ¼ 0.0420). While ionized serum calcium levels were not significantly different between groups, total serum calcium increased slightly in the calcium acetate/magnesium carbonate group (Figure 4 : treatment difference 0.0477 mmol/L; P ¼ 0.0032) but this was not associated with a higher risk of hypercalcaemia. A small and asymptomatic increase in serum magnesium also occurred in this group (treatment difference 0.2597 mmol/L, P < 0.0001). The tolerability profiles were not affected as both groups had a similar number of adverse events and both regimens were equally well tolerated. There was, moreover, no significant difference between groups with regard to the Gastrointestinal Quality of Life Index. Overall, the authors concluded that calcium acetate/magnesium carbonate had a good tolerability profile and was at least as efficient in lowering serum phosphate as sevelamer and so may represent an effective treatment for hyperphosphataemia.
Benefits and concerns associated with use of magnesium in CKD Current usage of magnesium as a phosphate binder is not as high as might be expected, and the reasons behind this are difficult to discern. Partly it is due to the previous absence of major backing and promotion from a pharmaceutical company, and perhaps concerns remain about the gastrointestinal effects of the early hydroxide compounds as opposed to the more recent carbonate. As a result of both these factors, the CKD magnesium literature has been relatively sparse up to this time. However, further research is clearly required since magnesium usage has the potential to minimize vascular calcification in dialysis patients as first suggested by Meema in 1987 [21] (see the review in this supplement by Massy and Drü eke [18] ).
Concern about the potential for adverse events resulting from hypermagnesaemia is genuine, but the few reports that exist in the literature mostly relate to magnesium levels of up to three times the upper limit of normal (which are not reached in any of the studies looking at magnesium as a phosphate binder) or the use of intravenous magnesium infusions such as in pre-eclampsia. The reduction in Reductions in serum phosphate levels with treatment with either a magnesium-containing phosphate binder (calcium acetate plus magnesium carbonate) or sevelamer hydrochloride [20] . Reprinted from de Francisco et al. [20] , by permission of Oxford University Press.
When used as a phosphate binder, the combination of calcium acetate/magnesium carbonate had a good tolerability profile and was non-inferior to sevelamer-HCl. Sevelamer-HCl Ca-acetate/Mg-carbonate Fig. 4 . Total serum calcium levels in patients given a magnesium-containing phosphate binder (calcium acetate plus magnesium carbonate) or sevelamer hydrochloride [20] . Reprinted from de Francisco et al. [20] , by permission of Oxford University Press.
both HD and PD dialysate magnesium levels to 0.5-0.25 mmol/L in many countries greatly reduces the likelihood of severe hypermagnesaemia in dialysis patients, and it is often forgotten that prior to this reduction, many dialysis patients were routinely moderately hypermagnesaemic without apparent ill effects. However, a very practical concern around greater use of magnesium as a phosphate binder is that serum magnesium levels are not routinely measured in many dialysis clinics. Some may argue that routine monitoring is not necessary since the safety margin appears significant, but this is unlikely to satisfy the concerns of nephrologists unfamiliar with usage of magnesium-containing drugs. The cost of introducing magnesium monitoring would be offset by the lower cost of magnesium-containing phosphate binders over sevelamer or lanthanum, and most modern multi-channel biochemistry analysers can report magnesium if required without major cost implications (note that magnesium measurements are also covered by Jahnen-Dechent et al. [22] in this supplement). In the UK, the approximate cost of performing a serum magnesium test is £2-£3 (UK sterling); in Germany, it is mostly the same price as serum calcium (e.g. 1.40 V, for private insurance 2.33 V).
Discussion
Over the last 20 years, magnesium-based phosphate binders have been tried as an alternative or supplement, first to aluminum-and then to calcium-based phosphate binders. In the first instance, this was to avoid aluminum toxicity and secondly to avoid or minimize the risk of hypercalcaemia. The discussion of magnesium-containing phosphate binder based on clinical trials in the literature is, however, complicated for several reasons (Table 3 ). There are comparatively few published studies and of those that have been published most are poor quality with either small numbers of subjects or conducted over a short duration. In addition, the older studies tended to use magnesium hydroxide rather than magnesium carbonate, and it appears that magnesium hydroxide is associated with a high degree of gastrointestinal adverse events. Newer formulations using magnesium carbonate instead of magnesium hydroxide appeared to result in an improved tolerability profile [15, 16, 20] . The only side effects in these studies were mild diarrhoea in few patients [15, 16] . Although magnesium carbonate appears to be well tolerated, concerns about gastrointestinal side effects still persist. Without doubt, the best quality trial to date is also the most recent [20] . It is notable that there was no difference in phosphate lowering and in tolerability using the combination product magnesium carbonate/calcium acetate compared to sevelamer-HCl and calculated costs for the treatment in this trial were 80% lower for the combination product. Given the high costs associated with sevelamer and lanthanum, the way ahead for magnesium-containing phosphate binders must include further clinical outcome trials as well as pharmaco-economic evaluations. The designs of such trials should be simple and of clinical utility, such as randomization of new dialysis patients to either calcium acetate or a non-calcium containing phosphate binder or magnesium carbonate (alone or in combination with calcium acetate) and should focus on vascular end points. Moreover, as health care costs become an ever more important factor, re-examination of the use of magnesium as a drug in CKD is timely.
